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I.  INTPODtXmON 


A.  Background 

Jst  engine  test  cells  are  employed  at  all  major  Naval  Air  Facilities 
for  maintaining  and  testing  jet  aircraft  engines.  These  cells  range  from 
older  ones  which  have  been  coni'erted  for  use  with  newer  engines  at  some  Air 
Stations  to  larger^  relatively  mr<darn  cells  at  major  Rework  Facilities. 
Efficient  functioning  of  these  test  cells  bears  directly  on  the  Navy's  ability 
to  maintain  its  aircraft  emd  upon  its  relation  with  the  surrounding  conmunity 
via  noise  and  air  pollution. 

A schematic  of  a typical  teat  cell  is  shorn  in  Fig.  1.  Dimensions  of  a 
typical  cell  are  given  in  Table  X. 

The  function  of  a test  cell  is  to  hout«e  the  jet  engine  while  it  is 
being  run  so  that  adjustments  may  be  made  and  the  engine  certified  to  comply 
with  specifications.  The  cell  must  provide  a distortion  free  airflow  to  the 
engine  inlet  and  dispose  of  the  engine  exhaust  gases.  Sufficient  instrumenta- 
tion and  controls  to  determine  engine  performance  and  to  operate  the  engine 
are  contained  in  the  test  cell.  The  engine  may  be  supported  from  the  floor 
or  walls,  or  suspended  from  the  ceiling,  but  in  all  c.tses  will  exhaust  into 
an  augmenter  tube. 

The  purpose  of  the  augmenter  tube  is  twofold.  First  it  dilutes  the  ex- 
haust gas  from  the  engine.  This  lowers  the  temperature  and  kinetic  energy  of 
the  exhaust  gas  and  preserves  the  life  of  the  test  cell  itself.  This  lover 
temperature,  lower  energy  gas  is  then  exhausted  to  the  atmr,sphere.  The 
engine/augmenter  acts  like  a jet  pump;  the  high  momentina  of  the  engine  exhaust 
gas  entering  the  augmenter  draws  secondary  air  (or  augmentation  air) 


along  with  It.  The  ratio  ot  augmentation  (secondary)  mass  flow  to  engine 
(primary)  mass  flow  is  called  augmentation  ratio.  This  augmentation  ratio 
is  a function  of  test  cell  design  and  of  engine  placement.  The  augmentation 
ratio  will  be  sufficient  to  cause  a pressure  rise  in  the  augmenter  equal  to 
the  pressure  drops  throughout  the  balance  of  the  test  cell. 

The  second  function  of  augmentation  air  is  to  prevent  Ingestion  of 
exhaust  gases  into  the  engine  inlet.  A significant  ingestion  of  exhaust 
gases  would  seriously  degrade  the  performance  of  the  engine^  maJeing  any  adjust- 
ments or  evaluation  of  engine  performance  meaningless.  By  having  the  augmenta- 
tion air  flowing  outside  the  engine  from  inta)ce  to  exhaust,'  it  is  generally 
assumed  that  there  will  be  no  recirculation  of  exhaust  gases  into  the  engine 
intake. 

Augmentation  ratio  is  critical  to  the  operation  of  a test  ct<ll. 

Reference  1 points  out  that  if  it  is  too  low  there  is  not  enough  augmentation 
air  to  sufficiently  cool  the  exhaust  gases  or  to  prevent  recirculation  and 
ingestion  of  the  exhaust  gases  into  the  engine  inlet.  If  it  is  too  high, 
excessive  cell  depression  occurs  due  to  the  large  pressure  losses  in  the  flow 
from  intake  restrictions  (acoustic  treatment,  flow  straighteners,  etc.) . 

This  cell  depression  aiay  exceed  the  structural  limits  of  the  test  cell. 

Another  problem  which  results  from  excessive  mass  flow  through  the  test  cell 
is  engine  inlet  distortion.  Efficient  operation  of  most  jet  engines  requires 
a pressure  distortion  at  the  engine  inlet  of  not  greater  than  two  inches  of 
water  ^Raf.  zj.  Excessive  flow  rates  may  exceed  the  capability  of  the  flow 
straightening  devices  to  reduce  all  flow  irregularities  prior  to  reaching 
the  engine  inlet. 
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Current  test  cell  design  is  more  an  art  than  a science.  Most  analytical 
work  that  has  been  done  for  predicting  the  internal  aerodynamics  of  a test 
coll  has  been  based  upon  simplified  one-dimensional  theory.  Placement  of 
the  engine  relative  to  the  augmenter  tvibe  is  experimentally  determined,  for 
example  by  using  ribbons  as  flow  field  indicators  to  show  the  operator  when 
he  is  getting  secondary  flow  from  engine  Jnlet  to  exhaust. 

Clearly  the  need  for  a method  of  analyzing  the  Internal  aerodynamics  in  a 
tost  cell  and  predicting  augmentation  ratio,  recirculation  patterns,  and  cell 
volccity  distributions  is  apparent.  Utilization  of  such  a method  could  pre- 
vent costly  design  and  construction  errors  and  be  used  to  predict  the  ability 
of  a given  test  call  design  to  handle  new  engines  of  different  design  and  flow 
rata.  Also,  tiie  effects  of  cell  modification  could  be  investigated  without 
major  cost. 

B.  Pollution  Aspects 

For  non-afterbuming  engines  the  temperature  of  the  exhaust  gases  ^u:e 
sufficiently  low  so  that  the  chemical  reactions  are  klnetically  frozen  and  the 
augmentation  air  merely  dilutes  the  existing  pollutants.  In  this  case  it  is 
desirable  to  maximize  augmentation  air  as  long  as  cell  pressure  is  not  reduced 
too  fcir.  For  example,  secondary  air  injection  into  the  augmenter  may  be  advan- 
tageous for  dilution  without  adversely  affecting  cell  pressure.  Measurement  of 
pollut^mt  concentrations  can  be  made  at  the  engine  exhaust,  augmenter  exhaust, 
or  the  test  cell  stack  exhaust.  Flow  field  visualization  (experimental  and/or 
analytical)  would  be  especially  helpful  for  determining  where  to  measure  the 
pollutants  and  how  many  samples  would  be  needed  to  get  an  accurate  measxire  of 
the  total  pollutants  emitted.  Flow  field  visualization  would  also  be  useful 
for  determining  saimpling  procedures  for  particulates,  which  could  be  centri- 
fuged into  a non-uniform  distribution  due  to  turning  and  recirculation  in  the 
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flow  field. 


For  efterbumlng  engines  the  exhaust  temperatures  are  high  enough  to 
allow  chemical  reactions  to  occur  outside  the  engine  until  the  exhaust  is 
water-quenched,  typically  five  to  ten  feet  down  the  augmenter  tube.  Since 
chemical  reaction  is  continuing  outside  of  the  engine  proper,  the  amount  of 
augmentation  air  and  the  degree  to  which  it  mixes  and  reacts  with  the  exhaust 
gases  will  effect  the  type  and  amount  of  pollut^mts  emitted  from  the  test 
cell.  A model  which  could  predict  the  augmentation  ratio,  extent  of  mixing 
of  the  two  flows  and  their  temperatures  could  be  used  to  predict  pollution 

levels  from  test  cells  and  the  opitimum  location  for  water-quenciij.ng,  or  chemi- 

I 

cal  treatment  systems  within  the  augmenter.  By  utilizing  the  model  to  vary 
the  augmentation  ratio  and  point  at  vdiich  the  exhaust  flow  is  water-quenched, 
a test  cell  design  producing  a minimum  level  of  pollution  could  be  determined. 

C.  Analytical  Methods 

f 

The  augmentation  ratio  can  be  predicted  using  one-dimensional  theory 
together  with  empirical  data,  such  as  a jet-spreading  relationship  for  the 

i 

engine  exhaust  into  the  augmenter  (Ref.  1) . However,  these  models  do  not 
adequately  treat  the  effects  of  engine-augmenter  spacing,  nor  do  they  have  the 
ability  to  iMicate  whether  recirculation  is  important  within  the  test  cell 
and/or  augmenter.  In  actuality,  the  flow  is  three  dimensional.  However, 
three-dimensional  models  to  date  require  excessive  computer  time  and  turbulence 
models  are  inadequate.  For  these  reasons,  two-dimensional  models  are  currently 
the  best  compromise  for  analysis  of  the  flow  fields  in  test  cells. 

Steady-state  flow  in  a test  cell  in  some  cases  may  be  treated  slmlleurly 
to  flow  in  a pipe.  Pipe  flow  is  often  analyzed  assuming  a twc -dimensional 
boundary- layer  model  and  solving  the  parabolic  partial  differential  equations 
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descri.'sing  the  flow  field  variables.  However,  this  RoiJel  r '''':ir  v;  t.h  .*:  • !-.  r ■ 
be  a single  dominant  flow  direction.  Tnis  approach  tray  be  best  i :r 

the  flow  within  the  augmenter  since  high  subsonic  velociti 's  c’.o  i.e  -i: 
handled  and  little  if  any  recirculation  regions  nornally  occur.  It  v.-  -.b; 
be  an  effective  model  for  ainalyzing  the  flow  into  a test  coll  uhich  utilit  's 
a vertical  intake  or  in  which  strong  recirculation  zones  ectist. 

General  two-dimensional  flows,  (that  is,  flows  allowing  recirculation 
and  flows  without  a dominant  direction),  can  be  described  by  a sot  of  s icor.i- 
order  elliptic  partial  differential  equations..  The  elliptic  models  are  well 
suited  for  the  low  flow  velocities  found  in  engine  test  cells.  However,  thr/ 
are  not  accurate  for  the  higher  velocity  engi  le  exhaust  and  augr.ientcr  flews 
except  at  low  thrust  settings. 

One  approach  to  the  solution  of  the  elliptic  equations  has  been  oresented 
by  Gosman  and  Spalding,  et.  ai.  (Ref.  3 & 4].  In  their  method,  vorticity  (W) 
and  stream  function  (\li)  are  chosen  as  the  dependent  veiriablos  describing  the 
conservation  of  mass  and  momentum.  Closing  vorticity  and  srream  function  as 
dependent  variables  ensures  that  pressure  is  eliminated  entirely  frem  tire 
equations  auid  that  velocity  is  eliminated  as  a major  factor  in  the  equations. 
This  can  provide  computational  advemtages  but  often  causes  difficulties  when 
the  pressure  distribution  needs  to  be  accurately  determined.  Later  methods 
developed  by  Spalding,  et.  al.  have  returned  to  computations  using  the  primary 
variables  of  pressure  and  velocity. 

In  the  solution  of  turbulent  flows  a model  is  needed  which  can  be  used 
to  predict  the  effective  viscosity  distribution.  Two-parameter  models  of 
turbulence  (Ref.  5)  currently  provide  reasonable  methods  for  obtaining  the 
effective  viscosity  distribution  within  many  geometries. 
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The  Jonea-LAunder  turbalence  model  (Refs.  4 and  5)  relates  the  transport 

properties  of  the  fluid  (effective  viscosity,  u ) to  two  dependent  variables, 

eft 

the  turbulence  kinetic-energy  (K)  and  the  turbulence-energy  dissipation  rate 
(C)  through  the  relationship 


U 


eff 


CyPK^/C 


where  K ■ turbulence  kinetic-energy 

C > turbulence-energy  dissipation  rate 
0 « local  density 

C “ empirically  determined  coefficient 
■ effective  viscosity 


0.  Previous  Investigations  at  NPS 

In  an  earlier  study  Hayes  and  Netzer  (Ref.  6)  used  the  Spalding,  et.al. 
method  for  zecirctilating  flows  (Ref.  3 and  4)  to  study  the  flow  field  from  the 
engine  exhaust  to  the  augmenter  exhai;st.  The  elliptic  model  for  axi-symmetric 
flow  was  used  ir  order  to  stxidy  the  effects  of  recirculating  flows  within  the 
test  cell  which  exist  near  the  augmenter  inlet.  In  addition,  the  model  was 
used  for  studying  the  engine  exhaust-augmenter  flow  for  low  thrust  settings. 

The  l:.tter  study  wa:<  needed  to  determine  the  effects  of  augmenter  inlet  modifi- 
cations (flanges,  etc.)  on  the  augmenter  pressure  rise. 

In  soBis  TF-41  test  cells  a flange  has  bean  welded  onto  the  augmenter  inlet 
to  restrict  the  flow  area.  This  lip  on  the  inlet  causes  recirculation  zones  in 
the  entrance  region  of  the  augmenter.  In  the  study  by  Hayes  and  Netzer  it  was 
fotind  that  at  low  thrust  settings  the  recirculation  zone  was  of  appreciable 
size  and  was  augmented  by  the  radial  inflow  of  the  cell  augmenticn  air.  At 
higher  augmentation  ratios  (more  secondary  air  relative  to  exhaust  gas)  the 
recirculation  region  decreased  in  size.  Thus,  at  higher  thrust  settings  the 
recirculation  region  can  probably  be  neglected  and  the  parabolic  models  can 
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b«  properly  used  for  tlie  high  exhaust  velocities  which  exist  when  military 
thrust  and/or  an  afterburner  is  employed.  It  was  also  found  that  the  length 
of  the  inle‘  lip  (i.e.,  internal  diameter  of  the  flange)  had  only  small 
effects  on  the  shape  and  size  of  the  recirculation  rone  within  the  augmenter 
and  on  the  augmenter  pressure  rise  at  low  thrust  settings.  It  may  have  more 
effect  at  the  higher  thrust  settings. 

Other  variables  considered  in  the  study  where  engine-augmenter  spacing 
and  augmenter  diameter.  Ihe  augmenter  pressure  rise  was  found  to  be  quite 
sensitive  to  augmenter  diameter,  all  other  variables  being  held  fixed  (i.e. 
augmentation  ratio  and  diameter  of  the  inlet  lip) . Increasing  the  diameter 
increased  the  pressure  rise  within  the  augmenter.  For  engine  augmenter  spac- 
ings  of  1.5  and  2.5  ft.  the  augmenter  pressure  rise  did  not  change  appreciably. 

Prom  the  study  it  was  apparent  that  the  recirculation  zones  within  the 
test  cell  (outside  of  the  augsienter)  had  negligible  effects  on  the  augmenter 
pressure  rise.  However,  these  recirculation  zones  are  important  in  determining 
whether  exhaust  gas  can  be  ingested  into  the  engine  inlet.  In  general,  it  was 
found  for  idle  conditions  with  an  augmentation  ratio  of  0.5  that  the  engine 
exhaust  jet  spread  to  its  maxinaim  diameter  at  approximately  two  augmenter  dia- 
meters from  the  augswnter  inlet.  The  engine  exhaust  gases  and  the  augmenta- 
tion air  were  well  mixed  between  3.5  and  4 augmenter  diaswters  from  the  augmenter 
inlet.  This  was  also  the  location  to  reach  the  maxlasim  pressure  within  the 
augmenter.  The  minisaa  pressure  occured  at  approximately  one-third  of  a 
diameter  from  the  augmenter  irtlet. 

Tor  idle  conditions  and  a 1.5  ft  engine-augmenter  separation,  the  augswnter 
pressure  rise  decreased  linearly  from  47  psf  to  36  psf  as  the  augmentation 
ratio  was  increased  from  0.5  to  1.0. 
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Several  additional  studies  were  required  with  the  model.  The  effect  of 
moving  the  engine  exit  flush  with  the  auqraenter  inlet  was  not  detenrined. 

Also,  the  effects  of  moving  the  aft  test  cell  wall  forward  to  the  augmenter 
inlet  plane  was  not  determined.  A limitation  of  the  initial  model  was  that 
the  velocity  profile  within  the  test  cell  was  specified  at  the  engine-exhaust 
plane.  A more  realistic  boundary  condition  would  be  to  specify  a uniform 
velocity  profile  in  the  test  cell  at  the  plane  of  the  engine  inlet. 

One  sajor  limitation  of  the  model,  ^ich  results  from  using  the  trems- 
formed  variables  of  vorticity  and  streeus-function,  is  the  sensitivity  of  the 
predicted  pressure  distribution  to  the  stream-function  (v)  distribution.  Very 
small  changes  in  can  cause  large  errors  in  the  predicted  pressure  field. 

This  limitation,  plus  the  limitation  of  employing  the  elliptic  equations  '^nly 
for  low  subsonic  Mach  numbers,  points  to  the  necessity  for  using  the  parabolic 
■ethods  and  primary  variables  for  the  engine-augmenter  flows  at  high  trust 
settings.  However,  the  model  does  provide  a valuable  tool  for  low  thrxtst  set- 
tings and  for  the  recirculating  flows  within  the  test  cell.  In  addition,  the 
sxxSel  was  needed  to  determine  whether  or  not  tile  recirculation  zone  within  the 
augoMnter  inlet  could  be  neglected,  i.e.  whether  or  not  the  parabolic  model 
would  be  applicable. 

Because  the  equations  for  subsonic,  recirculating  flows  are  elliptic  in 


lh«  nodal  do«s  have  th«  ability  to  calciilate  the  internal  aercdynamics  under 
these  restrictions.  The  acctiracy  of  the  aodel  needs  to  be  determined  by 
direct  coetparison  with  test  cell  data. 

E.  Present  Investigation 

As  discussed  above,  several  additional  studies  were  required  with  the 
elliptic  B»del.  The  present  study  used  the  nodel  to  investigate  the  effects 
of  (a)  moving  the  specified  cell  inlet  velocity  profile  from  the  engine 
exhaust  plane  to  the  engine  inlet  plane,  (b)  moving  the  augmenter  forward  to 
be  flush  with  the  engine  exhaust  plane,  and  (c)  moving  the  aft  wall  of  the 
test  cell  forward  to  be  flush  with  the  augmenter  inlet  plane. 

An  axi-synsietric  representation  of  the  cell  inlet  and  test  section  models 
the  cell  and  engine/augmenter  as  three  concentric  pipes  of  differing  size 
(Pig.  2a) . The  advantage  to  this  representation  is  that  the  size  of  the  pipes 
correspond  exactly  to  the  size  of  the  actual  conponents  that  they  represent. 

This  allows  a realistic  solution  of  the  flow  field  in  the  area  of  the  engine 
inlet  and  exhaxist  and  the  augmenter  inlet.  While  the  test  cell  has  a rectangu- 
lar shape,  modeling  this  as  a circular  pipe  should  not  introduce  any  significant 
errors  if  the  engine  is  not  located  too  near  the  test  cell  floor. 

The  flow  in  test  cells  is  generally  not  symmetric  about  its  center-line. 

The  flow  into  the  test  cell  usually  enters  from  above  and  at  right  angles  to 
the  test  portion  of  the  cell.  Additionally,  the  augmenter,  and  therefore  the 
engine,  are  not  located  synswtrically  in  the  cell.  Their  location  is  typi- 
cally much  nearer  the  floor  of  the  test  cell  than  the  ceiling.^  This  lack  of 

^NAKF  Alameda  and  HASP  Worth  Island  test  cells  have  the  engine/augmenter 
center  line  five  feet  from  the  floor  and  tiiirteen  feet  from  the  ceiling. 
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■ywctry  cauMS  the  axl-synmetric  representation  to  be  unrealistic  in  the  areas 
of  the  test  cell  inlet  and  exhaust  stack  and  ignores  any  effects  of  non- 
synsetrical  augsMnter  location.  Plow  field  visiu^ization  in  these  areas  is  of 
interest  for  exasdning  test  cell  inlet  distortion  and  exhaust  stack 
velocity  profiles.  A aeaningful  gas  sampling  requires  knowledge  of  the  velocity 
profiles  unless  a large  nu&ber  of  sasiples  can  be  taken  across  the  flow  field. 

A two-diasnsional  planar  representation  of  the  test  cell  nodels  it  as  a 
series  of  planes,  one  inside  the  other  (Pig.  2b) « Thus,  the  engine  inlet  and 
exhaust  and  the  augnenter  inlet  can  be  thought  of  as  slots,  extending  the 
entire  width  of  the  test  cell. 

If  the  height  of  the  "2-D  engine”  is  taker;  as  the  diameter  of  the  actual 
engine,  and  if  velocity  is  unchanged,  then  the  siass  flo^  rate  through  the 
engine  is  not  correct.  Conversely,  if  the  mass  flow  rate  ^md  velocity  are  to 
be  unchanged  in  the  2-0  sedel,  then  the  engine  and  augrcnter  ax*  represented 
as  extremely  thin  rectangular  shapes  in  the  planar  model.  This  size  distor- 
tion of  the  engine  and  augmenter  may  cause  the  flow  field  in  the  immediate 
area  of  the  engine  inlet  and  exhaust  and  augmenter  inlet  to  be  unrealistic. 

This  scaling  will  also  cause  some  difficulties  with  modeling  diffusion  rates 
since  flow  gradients  are  also  distorted.  Neither  of  the  two  methods  is  entirely 
satisfactory  near  the  ongins  since  in  this  region  in  tho  actual  oonditions 
the  flow  transitions  frosi  planar  to  nearly  axi -symmetric.  However,  the  planar 
model  is  suitable  for  the  test  cell  inlet  and  exhaust  stack  and  should  yield 
at  least  qualitative  behavior  in  the  regions  near  the  engine. 

Dus  bo  the  two-dimensional  lisdtation,  both  the  planar  and  axi-symmetric 
representations  suffer  from  their  inability  to  allow  interaction  of  the  flow 
above  the  engine  with  the  blow  beneath  the  engine.  The  axi-symmetric 
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fonailation  suffers  frcei  the  ass\unption  that  the  flow  Is  syinnetrlc  the  entire 
length  of  the  oo^el  and  the  planar  representation  is  liaited  in  that  once  the 
proportion  of  air  flowing  beneath  the  engine  is  specified,  it  cannot  ch^mge. 

Since  the  nain  area  of  Interest  in  the  present  study  was  the  flow  field 
for  the  entire  test  cell,  and  not  primarily  the  interaction  of  the  engine 
exhaust  and  augmenter  inlet,  the  planar  representation  was  chosen  for  both  the 
inlet/test  section  and  the  exhaust  stack  section  of  the  test  cell.  It  was 
also  decided  to  keep  the  mass  flow  rates  and  velocities  in  the  model  equal  to 
those  in  the  actual  test  cell.  As  discussed  above,  this  necessitated  the  use 
of  an  "engine”  and  "augmenter"  with  reduced  height  in  the  2-D  model. 


II  METHOD  OF  INVESTIGATION 


A.  Axi-synoetric  Model 

The  first  modification  to  the  model  (Ref.  6)  was  to  move  the  specified 
"inlet"  to  the  test  cell.  In  the  original  model  this  "inlet"  was  located  at  the 
engine  exhaust  plane  anu  the  cell  flow  velocity  was  assumed  to  Increase 
linearly  from  the  ceiling  to  the  engine  wall.  The  "inlet”  was  moved  to  the 
engine  inlet  plane  where  a unifom  inlet  velocity  could  be  realistically 
assumed.  The  results  of  this  modification  were  compared  to  the  earlier 
results. 

The  modified  model  was  then  used  to  determine  the  effects  of  zero  spacing 
between  the  engine  and  augraenter  on  the  augraenter  pressure  rise.  In  addition, 
the  effects  of  moving  the  aft  cell  wall  to  the  plane  of  the  augmnter  inlet 
were  investigated. 

B.  2-D  Planar  Model 

The  equations,  appropriate  boundary  conditions,  and  solution  procedures 
eure  essentially  identical  to  those  presented  in  reference  6.  Scow  changes 
were  required  in  initial  conditions  and  relaxation  pasaaeters  in  order  to  in- 
sure convergence.  The  2-D  planar  geooMtries  es^Ioyed  for  t'-,*  test  cell  and 
exhaust  stack  are  presented  in  Figures  3 and  4 respectively.  The  sodel  was 
used  to  stvidy  the  effects  of  engine  flow  rate,  augsmntation  ratio  and  augmenter 
position  in  the  eidiaust  stack  on  the  flow  fields  within  the  test  cell  and 


exhaust  stack 


Ill  RESULTS  AND  DISCUSSION  - AXI-SYMMETRIC  MODEL 

Moving  the  "inlet"  for  the  model  from  the  engine  exhaust  plane  to  the 
engine  inlet  plane  and  ch/mging  the  specified  velocity  profile  from  linearly 
increasing  to  uniform  had  no  appreciable  effect  on  the  flow  field  and  pressure 
rise  within  the  augmcnter.  Thus,  repetition  of  the  earlier  test  conditions 
(Ref.  6)  was  not  necessary. 

Moving  the  augmenter  flush  with  the  engine  exit  also  did  not  change  the 
augmenter  pressure  rise  from  that  found  with  a 1.5  ft.  separation.  Larger 
spacings  (Ref.  6)  were  foimd  to  decrease  the  pressure  rise.  These  results 
indicate  that  for  idle  conditions,  the  augswnter  pressure  rise  is  only  slightly 
sensitive  to  eng ine~augmenter  spacing.  For  military  thrust  and/or  afterburner 
conditions  (to  be  studied  using  the  parabolic  model)  it  wotild  be  expected 
that  engine>augs«nter  spacing  tiould  have  a much  larger  affect  on  augmenter 
pressure  rise. 

Test  cwll  design  m*y  affect  augsMncer  pressure  rise  and  exhaust  gas 
racirc\ilar.ion.  However,  moving  the  aft  test  cell  wall  forward  to  the  augmenter 
inlet  plane  did  not  chaige  the  augsMnter  pressure  rise  (for  idle  conditions  and  a 
0.5  augmentation  ratio)  and  changed  the  recirculation  regions  only  slightly 
near  the  augmenter  inlet. 

The  primary  value  of  the  axi>symmetric  model  is  that  it  can  be  ut-ed  to 
realistically  study  the  affects  of  au^Mnter  inlet  design  and  test  cell  gsesetry 
on  the  recirculation  within  the  test  cell  and  on  the  augmenter  pressure  rise. 

The  major  wealenesses  of  the  model  are  (a)  it  is  limited  to  low  subsonic  engine 
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exhaust  velocities,  (b)  pressure  rise  calculations  are  very  sensitive  to  the 
stream-function  solution,  and  (c)  non  a;:i-syr.vetric  flc--,-.s  (cell-stack  inter- 
section, engine  location  within  ti-.a  test  cell,  etc.)  cannot  bo  .'.decuately 
investigated. 

TJie  restriction  to  lev  subsonic  volocitios  results  from  the  use  of 
elliptic  equations.  Since  the  recirculation  zones  (boti.  within  the  tost  coll 
and  augmanter)  were  found  to  have  only  a small  affect  on  augr’.antcr  pres"uro 
ri  se,  parabolic  equations  can  be  utilized  to  investigato  the  affect  of  high 
subsonic  to  sonic  engine  exit  velocities  on  augmentar  pressure  rise  and  nixing. 
This  work  is  currently  boirio  conducted.  The  solution  to  the  second  problem 
can  be  obtained  by  returning  to  the  primary  variables  of  velocity  and  pressure 
rather  than  using  tlie  transformed  variables  of  vorticity  and  stream  function. 
Future  investigations  will  be  directed  toward  this  approach.  The  third  problem 
cannot  be  handled  with  an  axi-syrmatric  model.  It  was  for  this  reason  that 
the  2-D  plan^u:  study  was  made. 
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IV.  THE  2-0  PLANAR  MODEL 


A.  Cel  1 Geometry 

The  solution  procedure  utilizes  a variable  grid  size.  It  was  desirable 
to  space  the  grid  closely  together  in  areas  where  the  flow  field  was  expected 
to  be  changing  significantly  and  gradients  would  be  high.  These  areas  are 
near  boundaries  and  around  the  engine  exit  and  auguenter  inlet.  In  other 
regions  the  grid  size  was  allowed  to  expand,  reducing  the  total  number  or 
grid  points  and  thus  conserving  computer  time  without  sacrificing  accuracy. 

The  entire  test  cell  was  determined  to  be  too  large  and  unwieldy  to 
model  in  one  program.  Thus,  it  was  divided  into  two  areas  of  interest,  the  inlet 
and  test  portion  of  the  cell  and  the  exhaust  portion  of  the  cell. 

The  inlet  and  test  portion  of  the  ceil,  hearafter  referred  to  as  the 
cell  teat  area,  was  taken  as  the  rectangular  area  from  and  including  the  test 
cell  inlet  to  the  far  wall  enclosing  the  augmenter  tube  (Fig.  3) . This  allowed 
study  of  the  flow  into  the  test  cell,  as  it  siade  a right-angle  turn,  as  well  as 
the  flow  around  the  engine  and  augmenter.  In  this  study  the  flow  field  was 
not  calculated  in  the  augmenter  itself. 

The  exhaust  stack  of  the  test  cell  was  considered  tc  be  the  rectangular 
area  of  the  actual  exhaust  stack  (Fig.  4).  The  flow  was  not  calculated  in  the 
augmenter  tube.  The  velocity  profile  was  assumed  uniform  at  the  augmenter  tube 
exit.  This  study  ignored  the  presence  of  any  acoustic  baffles  or  air  pollution 
devices  in  tiie  exhaust  stack. 
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B.  ParajMtric  Study 

Th«  cocaputer  aodclc  w«r«  used  to  study  the  large  test  cells  at  the  Naval 
Air  Rework  Facility,  Alasteda  (Table  I).  The  flow  rates  and  basic  augmentation 
ratio  used  were  for  the  Allison  TF-41  turbo-fan  engine.  The  engine  flow  rates 
and  tesperatures  are  given  in  Table  IX.  A stnuury  of  rurs  made  and  paramters 
varied  is  given  in  Table  IZZ. 

1 . Wodel  Parameters 

The  sensitivity  of  the  aodel  to  various  assioptions  was  investigated 
first.  Three  initial  runs  (Jl,  J3,  J4)  were  made  to  which  all  additional  runs 
could  be  compared. 

(a)  Augswnter  Inlet  Velocity  Profile 

The  effect  of  different  velocity  profiles  in  the  augswnter  intake 
was  investigated  hy  fixing  the  velocity  profile  rather  than  letting  the  program 
calculate  it.  The  first  profile  (runs  Gl,  G4)  investigated  was  that  obtained 
experisMntally  in  a study  by  Bailey  (Ref.  1) . The  second  profile  (runs  Rd,  H9) 
assumed  was  plug  flow. 

(b)  Stream  Fxmetion  On  Engine  Walls 

In  a 2-0  planar  aodel,  the  amount  of  flow  under  and  over  the  engine 
must  be  specified.  Since  this  was  an  arbitrary  selection,  four  runs  (Zl,  Z2, 
Z3,  14)  were  made  varying  the  percent  of  augmentation  air  suss  flow  below  the 
engine  from  16%  to  36%.  TVenty-six  percent  corresponded  to  uniform  flow. 

(c)  Inlet  Turbulence  level 

Turbulence  kinetic-energy  at  the  cell  inlet  and  the  engine  exhaust 
was  increased  by  a factor  of  2S.  These  runs  (Z.1,  L2)  were  conducted  at  both 
idle  and  military  thrust. 
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(d)  C-ll  Arr-i  ^nt;ition  P;^tio 

'I/. 2 otfccta  of  au'r:i.’':ta.ticn  ratio  on  coll  flow  patterns  and  recircu- 
liticn  wore  invor;ti(;atcd.  ivuna  were  inade  at  auq.T.er.tation  radios  of  0.25 
(i'll,  Kl)  , 0.5  C‘2,  K5}  and  1.0  (Jl,  J-1)  at  idle  thrust  and  at  military  thrust. 

A single  nan  (K3)  at  idle  tiirust  and  on  auoTrentation  ratio  of  1.5  was  also  made. 

( e ) C ’-.--^try 

In  tile  call  e:ihaust  area,  thrca  runs  (A2,  A3,  A4)  were  made  with  the 
augrenter  tube  flush  with  the  e;chaust  stack  wall  at  different  power  settings. 

The  aucr.enter  tube  was  then  extended  four  feet  into  the  exhaust  stack  and 
three  additional  runs  (C2,  C3,  C-1)  ware  made  at  the  equivalent  power  settings. 
Gnc-etn/  was  not  varied  for  the  cell  test  area. 


V.  RESULTS  AND  DISCUSSION  - 2-D  PLANAR  MOIgX 


A.  General  Discussion 

For  each  run  the  distribution  of  stream  function  was  punched  on  IBM 
caurds.  They  %rere  then  run  through  a subroutine  which  converted  the  results 
from  the  non-uniform  grid  of  the  program  to  a uniform  grid  stiitable  for 
plotting  by  the  NFS  Computer  Library  Routine,  CONTUR.  The  graphs  are  dis- 
torted by  a doubling  of  the  hei^t  in  order  to  display  the  flow  field  more 
clearly. 

In  each  graph  of  stream  function  distribution  ten  streamlines  (lines  of 
constant  stream  function)  evenly  spaced  across  the  cell  inlet  were  plotted. 
Using  the  same  spacing  an  additional  two  streamlines  below  the  lowest  value 
at  the  cell  inlet  and  four  streamlines  above  the  highest  value  of  the  cell 
inlet  were  plotted.  These  allowed  display  of  zones  of  recirculation. 

Plotting  the  same  number  of  stre^lmline8  uniformly  spaced  in  each  case  facili- 
tated comparison  among  the  plots.  In  the  cell  test  eurea  an  additional  two 
streamlines,  those  which  were  specified  on  the  upper  and  lower  engine  walls, 
were  plotted. 

The  flow  field  displayed  in  Figures  S through  22  are  for  the  cell  test 
area.  The  flow  enters  the  test  cell  from  above  and  smoothly  turns  to  parallel 
the  cell  floor  and  ceiling.  An  area  of  recirculation  forms  in  the  lower  left- 
hand  comer.  Midway  between  the  cell  inlet  and  engine  inlet  the  flow  is 
uniform  across  the  cell.  The  engine  then  draws  flow  into  its  inlet  and  the 
augmentation  flow  is  drawn  into  the  augmenter.  This  causes  small  areas  of 
recirculation  on  the  cell  walls  above  and  below  the  engine  inta)ce. 
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As  the  flow  nears  the  augmenter  intake  it  "necks  down"  further  until  it  is 
entrained  with  the  engine  exhaust  in  the  avgnenter.  Due  to  viscous  forces 
on  the  neighboring  air,  an  area  of  recirculation  is  formed  above  emd  below  the 
augmenter  intake.  Above  the  augmenter  inlet  there  is  normally  just  one  large 
recirculation  zone.  Below  the  inlet  there  are  three  zones.  The  first  is 
fairly  strong  and  directly  below  the  intake.  The  second  and  third  are  weadc, 
and  continue  back  to  the  right-hand  wall. 

In  all  instances  the  streamlines  behaved  in  a reasonable  manner  and  in 
general  agreed  with  %diat  was  expected.  The  effect  of  the  cell  inlet  flow  and 
the  effect  of  placing  the  engine/augmenter  nearer  one  wall  thu  another  could 
be  seen  in  the  recirculation  patterns. 

In  the  case  of  the  exhaust  stack  the  streamlines  show  (Figures  23-28) 
two  large  recirculation  zones  on  either  side  of  the  high  velocity  inlet  stream. 
The  flow  txims  to  become  parallel  to  the  stack  walls,  '^e  flow  across  the 
stack  exit  pltme  is  non-uniform  and  in  all  cases  the  exit  velocity  is  approxi- 
mately 80%  higher  near  the  outer  ("lower"  in  the  figures)  wall  th<m  the  inner. 

Diffusion  causes  exhaust  gases  to  enter  the  recirculation  zones  above 
and  below  the  augmenter  inlet.  Convection  in  the  recirculation  zones  carries 
the  exhaust  gases  to  the  forward  portion  of  the  recirculation  region.  From 
this  point  the  ejdxauat  gases  may  again  diffuse  forward  in  the  cell. 

Calculations  %rere  swde  for  the  distribution  of  engine  exhaust  gas  within 
the  test  cell.  Althou^  the  qualitative  behavior  of  the  mass-fraction  distri- 
bution was  rsasonabla,  the  quantitative  values  were  not.  The  source  of  this 
error  appears  to  lie  in  the  dioice  of  the  planar  geometry  to  model  the  test  cell. 
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Since  it  was  decided  to  size  components  to  maintain  the  proper  mass  flow 
ratios  and  velocities  of  a test  cell,  the  dimensions  of  the  engine/augmenter 
had  to  be  severely  reduced  in  the  planar  representation.  This,  together 
with  the  use  of  only  three  grid  points  in  the  engine  exit  pl^me,  resulted  in 
the  gradients  of  the  variables  being  extremely  and  unnaturally  high  in  the 
region  of  the  engine  exhaust/augmenter  inlet.  Th*‘se  high  gradients  caused 
unrealistically  high  diffusive  tremsport  in  tl\e  program.  For  these  reasons, 
the  mass  fraction  distributions  are  not  presented. 

B.  Specific  P2u:ametric  Results 

1.  Engine  Power  Settings 

Comparing  Figs.  5,  6,  and  7,  little  change  is  noted  until  100%  RPM  is 
reached.  At  100%  the  recirculation  region  has  moved  forward  and  would  cause 
increased  e^diaust  gas  ingestion  (for  fixed  augmentation  ratio).  In  actual  opera- 
tion augmentation  ratio  would  increase  with  RPM  if  the  engine-augmenter  spacing 
remained  constant.  Since  the  results  for  90%  euid  idle  RPM  were  nearly  identi- 
cal, only  100%  and  idle  RPM  were  examined  in  subsequent  comparisons. 

2.  Augmenter  Inlet  Velocity  Profile 

Figures  5 and  7 (augmenter  velocity  profile  calculated)  , 8 euid  9 (experi- 
mental augmenter  velocity  profile)  and  10  and  11  (plug  flow)  show  the  effect 
of  the  assumed  augmenter  inlet  velocity  profile  on  numerical  results.  At  idle 
thrust  all  t-loree  cases  produced  similar  flC"  distribution.  At  military  thrust 
the  two  fixed  profile  cases  remained  similar,  not  only  to  each  other  but  also 
to  their  idle  thrust  distributions.  However,  the  calculated  velocicy  profile 
case  showed  a larger  and  stronger  upper  recirculation  zone. 

Cell  inlet  flow  fields  were  nearly  identical  for  the  three  cases  at  each 
p.-w  )r  setting. 
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3.  Strean  F'jnction  on  Engine  Walls 


(a)  Idle  Thrust  (Elga.  5.  12  and  14) 


The  recirculation  zones  above  and  below  the  engine  were  the  main 
differences  in  these  runs.  With  increasing  specified  flow  above  the  engine 
the  recircxilation  zone  there  got  saaller  and  less  intense.  However,  reducing 
recirculation  on  gne  side  of  the  engine/augventer  merely  increased  it  on  the 
other. 

(b)  Military  Thrust  (Figs.  7,  13  and  15) 

In  the  case  of  sdlitary  thrust  both  Increasing  and  decreasing  the 
BUMS  flow  beneath  the  engine  resulted  in  an  increase  in  size  and  intensity 
of  the  recirculation  zones  both  above  and  below  the  engine. 

4.  Inlet  Turbulence 


(a)  Idle  Thrust 


Increasing  the  turbulent  kinetic*>cnergy 


at  the  cell  inlet  and  the 


engine  eidtaust  had  little  effect  on  the  cell  inlet  area  (see  Figs.  5 and  16) 


but  decreased  the  size  and  intensity  of  the  recirculation  zones  around  the 
engine/augswnter  sosiewhat.  j 


(b)  Military  Thrust 

In  this  case  (Figs.  17  and  22)  increasing  turbulent  )cinetic-energy 
caused  the  size  of  the  reclrciilation  zone  in  the  cell  inlet  to  be  reduced 
considerably.  The  size  and  intensity  of  the  recirculation  zones  above  and 
below  the  engine/augnenter  were  also  reduced,  a /as  the  case  at  idle  thrust. 

These  results  indicate  that  flow  conditioning  within  the  cell  inlet 
stack  and  the  turbulence  level  in  the  engine  exhaust  can  affect  cidiaust  gas 
entrainasent  into  the  engine  inlet. 
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5.  Augmentation  Ratio 


(a)  Idle  ttiruat 

For  augnentation  ratios  of  1.0  and  1.5  at  idle  thrust  {Figs.  5 and  20} 
there  was  little  difference  in  the  flow  field.  The  intensity  and  forward 
limits  of  the  recircxilation  zones  were  similar,  although  their  shapes  were 
different. 

Nhen  atigaentation  ratio  was  reduced  to  .5  (Fig.  19) , the  recirculation 
zone  increased  consider2d>ly  in  intensity  and  moved  forward  significantly, 
especially  above  the  engine.  This  would  Increase  the  level  of  exhaust  gas 
ingestion  into  the  engine  intake. 

Furdier  reduction  in  augmentation  ratio  to  .25  (Fig.  18)  resulted' 
in  the  recirculation  zone  moving  further  forward  to  such  w extent  that  t 
second  tqjper  recirculation  zone  was  formed. 

(b)  Military  Thrust 

As  the  augmentation  ratio  wm  lo%Mred  from  1.0  to  .5  at  militaj  / 
thrust  (Fig.  7,  and  22)  the  intensity  of  the  recirculation  zones  increased 
and  they  moved  sli^tly  forward.  With  an  augmentation  ratio  of  .25  (Fig.  21) . 
there  was  a fur^er  forward  movement  of  the  recirculation  zones. 

Qualitatively  the  sodel  indicated  there  is  a possibility  of  excessive 
exhaust  gas  ingestion  at  low  augmentation  ratios  with  existing  cell  designs. 

6.  Geometry  of  Auqmenter  in  Eadiaust  Stack  (Figs.  23-28) 

There  was  little  difference  asx>ng  the  plots.  The  high  inlet  velocity  tended 
to  maintain  itself  until  at  least  halfway  across  the  stack.  Thus,  the  presence 
of  the  augmenter  tube  extending  into  the  cell  had  little  effect  on  the  overall 
pattern  in  the  exhaust  stack.  This  was  true  for  all  power  settings  from  idle 
thrust  to  military  thrust. 
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VI . CONCLUSIONS 


A.  General 

Two  elliptic  Bodels  have  been  developed  for  flow  field  analysis  of 
turbojet  test  cells.  The  aodels  provide  valuable  tools  to  aid  in  test  cell 
design  and  nodification  as  often  required  for  adaptation  to  new  engines  and 
for  pollution  control.  The  nodels  can  be  used  for  prediction  of  the  effects 
of  Buny  engine  test  conditions  and  cell  geoiaetries  on  the  velocity  and  pres- 
sure fields  and  the  exhaust  gas  distribution.  Within  augnenter  tube 
the  aodels  are  limited  to  low  subsonic  flows  because  of  the  elliptic  nature 
of  the  equations.  The  aodels  yield  results  which  are  in  qualitative  agree- 
asnt  with  e^^riaent.  Quantitative  modal  verification  is  required.  The 
ardels  are  two-diaensional,  as  as  such,  cannot  be  used  to  evaluate  three 
diaensional  phenoaena  such  as  the  interaction  of  flow  below  the  engine  with 
that  above  the  engim. 

B.  Axi-syaastric  Model 

The  axi-synsatric  aodel  has  been  eaiq>loyed  to  examine  the  effects  (at 
low  engine  thrust)  of  engine-augaenter  spacing,  augaenter  diameter  and  inlet 
construction,  aft  cell  wall  location,  and  test  cell  by-pass  ratio  on  the 
velocity,  temperature,  aass  fraction  and  pressure  distributions  within  the 
test  cell  and  augaenter  tube. 

Au^Mnter  inlet  modifications  (such  as  flanges,  etc.)  were  found  to 
affect  the  flow  field  within  the  augaenter  for  low  thrust,  low  augmentation 
conditions.  At  higher  augxMntation  ratios  the  effects  are  significantly 
reduced.  Augaenter  pressure  rise  was  sensitive  to  augxBenter  diasater  but 
was  rather  insensitive  to  engine-augaenter  spacing  for  low  thrust  conditions. 
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Aft  test  cell  wall  location  affects  the  recirculating  flow  regions  in 
the  test  cell  which  may  affect  exhaust  gas  ingestion  at  low  cell  augmenta- 
tion ratios.  However,  the  aft  wall  location  did  not  significantly  affect 
the  augmenter  pressure  rise. 

At  low  thrust  settings  the  engine  exhaust  and  augmentation  air  were 
well-mixed  at  3.5-4  augmenter  diameters  within  the  tube  and  the  augmenter 
pressure  rise  peaked  at  this  location.  The  minimum  pressure  occurred  at 
approximately  0.3  augmenter  diameters  within  the  tube.  Augmenter  tube  modi- 
fications may  be  possible  which  utilize  secondeury  air  ingestion  to  quench  or 
dilute  the  exhaust  gases  with  mininun  rffect  on  the  cell  augmentation  ratio. 

The  predicted  augoienter  pressure  rise  was  insensitive  to  the  specified 
test  cell  inlet  velocity  profile  and  to  the  locaciun  of  the  "inlet”  to  the 
cell. 

C.  2-0  Planar  Model 

The  2-0  pl^mar  model  has  been  used  to  examine  the  effects  of  engine 
location,  cell  inlet  conditions,  and  exhaust  stack-augmenter  geometry  on  the 
flow  field. 

For  the  cell  flow  velocities  investigated  (four  ft./sec.  to  16  ft. /sec.) 
there  is  apparently  little  need  for  turning  vanes  or  flow  straightening  de- 
vices in  the  cell  test  area  itself  in  order  to  achieve  a uniform  flow  field 
prior  to  the  engine  intake.  However,  cell  inlet  turt>ulence  was  found  to  con- 
siderably affect  the  size  and  intensity  of  recirculating  flows  within  the 
teat  cell.  The  siodel  also  indicated  that  there  is  the  possibility  of  appre- 
ciable exhaust  qam  ingestion  at  the  low  thrust,  low  cell  augmentation  ratio 
conditions  in  existing  test  cells. 
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Th«  call  exhaust  stack  velocity  was  found  to  be  very  non-vini£om, 
suggesting  that  care  nnist  be  used  in  saopling  for  particulates  in  the  exhaust 
stack  exit  plane.  The  distance  that  the  augiienter  tube  extended  into  the  ex- 
haust stack  had  little  affect  on  the  exhaust  plrne  velocity  field. 

D.  Future  Work 

The  BOdels  appear  to  be  adequate  for  their  Intended  purposes  but  nodel 
verification  is  required.  In  addition,  the  augmenter  tube  flow  field  and 
pressure  rise  calculations  need  to  be  performed  for  the  high  thrust/after- 
buming  conditions.  For  these  reasons  current  work  is  being  done  in  both 
experimental  and  analytical  areas. 

A one-eighth  scale  test  cell  is  being  constructed  which  can  be  utilized 
to  validate/isprove  models  and  to  perform  basic  studies  to  determine  the 
effects  of  test  cell/augmcnter  design  and  engine  operating  conditions  on  the 
quantity  and  distribution  of  exhaust  stack  pollution.  The  test  cell  will 
also  provide  an  inexpensive  swans  for  evaluating  new  pollution  control  and 
measurement  methods. 

A parabolic  model  is  also  being  developed  which  can  be  used  to  analyze 
the  augswnter  flow  field  for  the  high  thrust,  hi^  cell  augsientation  ratio 
conditions. 
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TABLE  1 


JET  ENGINE  TEST  CELL  DIMENSIONS 


Cell  Test  Aree: 


length  82.0' 

depth  24.0' 

height  16.0' 

Inlot  Stack: 

height  above  cell  ceiling  34.0' 

depth  24.0' 

width  12.0' 

Engine/Augirentor  Centerline: 

distance  from  floor  5.0' 

distance  from  walls  12.0* 

Augmentor: 

length  (for  TP-41  engine  test)  13.25* 

inlet  diameter  3.5  ' 

overall  diameter  6.0  ' 

Engine  (TF-41) : 

length  (including  bellmouth)  17.25* 

bellniouth  diameter  3.75* 

engine  diameter  3.1  * 

exhaust  plane  di£uneter  2.1  * 

Distance  from  engine  exhaust  plane 

to  augmentor  inlet  plane  1.5  ' 

Cell  Exhaust  Area: 

height  54.0  * 

depth  18.0  * 

width  12.0  » 

Augmentor  Centerline: 

distance  from  floor  8.0  ' 

distance  from  walls  9.0  * 

Augmentor : 

distance  into  exhaust  stack  4,0  * 

diameter  6.0  ' 
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TABLE  II 


ENGINE  OPERATING  CONDITIONS 


RPM  Setting 

Turbine  Outlet 
Temperature  “R 

Exhaust  Plane 
Temperature  “R 

Mass  Flow 
Ibm/sec 

loot 

1524 

1001 

263 

90% 

1362 

924 

200 

Idle  • 

1100 

800  ^ 

100 

* 


Approximate 


COMPUTER  RUNS:  ENGINE  AND  TEST  CELL  CONDITIONS 
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IDLE  1.0:1  CALCULATED  26  INLET  BOUNDARY 

TURBULENCE  KINETIC 

100%  .5:1  CALCULATED  26  ENERGY  - 25  TIMES 

NORMAL 


TABLE  III  (Continued) 
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augmenter  and  cell  walls  are  shown 
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